Introduction
The use of esophageal manometry in respiratory physiology has formed the foundation of current understanding of pulmonary pathophysiology [1] [2] [3] . Esophageal manometry simplifies the estimation of pleural pressures, allowing physiologists and clinicians to differentiate between the effects of the chest wall (including the rib cage, diaphragm, and abdomen) and the lung itself [1] [2] [3] . Despite the extensive use of esophageal manometry in research, clinical adoption has been less universal. In the era of personalized medicine however, clinicians have gained interest in esophageal manometry to better titrate care to the unique physiology of a patient. Additionally, clinical application has become straightforward with multiple balloon catheter options and elegantly designed ventilators. This article reviews the use of transpulmonary pressure monitoring in clinical applications within the intensive care unit.
Basic concepts and definitions

Pressure definitions
The pressure across the respiratory system (PRS) is defined as the difference between the pressure at the airway (PAO) and body surface (PBS) (PRS = PAO -PBS) [2] . The pressure difference across the lung is called the transpulmonary pressure (PL) and is the difference between PAO and pleural pressure (PPl) (PL = PAOPPl) [2] . Finally the pressure across the chest wall (PCW) is defined as the PPl minus PBS (PCW = PPl -PBS) [2] . Esophageal balloon pressures (PEs) represent central thorax pressures and may underestimate PPL in dependent lung regions and overestimate PPl in less dependent regions. The correlation between PEs and PPl was initially described in upright, spontaneously breathing patients. When moved into the supine position, the balloon sits directly under the weight of the mediastinum, and abdominal contents push upwards against the diaphragm raising the measured value of PES. However, knowledge of the effects of position [1, 4] , lung disease asymmetry, chest wall distortion [5] , and other factors remains limited. Traditionally, roughly 3-7 cmH2O of additional pressure is thought to be due to positioning when correcting the PEs to estimate the PPL [4] with the supine position causing increased pressure from a decrease in lung volume and the shift in mediastinal weight. Indeed, a recent study comparing ex vivo measurements pre-lung transplant with in vivo measurements of the same lungs post-transplant found PPl was~5 cmH2O different from PEs [6] . Despite these minor limitations, PEs in animal and human studies has been thought to represent a reasonable estimate for average PPl and may be used in substitution to easily calculate the PL for clinical and research use ([5] ; . Fig. 1 ).
"Elastance-based" transpulmonary pressure calculation
With concerns that high PEs and consequently negative PL values were incompatible with an open lung, an alternative calculation of PL has been introduced [7] [8] [9] [10] [11] [12] . This alternative is the "elastancebased" method of calculating PL (PL = PAO * lung elastance[EL]/respiratory system elastance [ERS] ). This method uses ΔPEs during tidal breathing to estimate ΔPL and then calculate EL as ΔPL/tidal volume. The elastance-based technique assumes pleural pressure at end expiration to be zero when airway pressure is zero, and there is ongoing debate as to which technique is ideal [13] . The elastance-based definition measures the ΔPL during tidal breathing (the cyclical stress), but does not account for the baseline PL, which may vary widely. PPl and PALV may be substantially increased above atmospheric pressure at end expiration secondary to small airway collapse in obese patients or alveolar flooding in acute respiratory distress syndrome (ARDS ) [13] . Indeed, the authors' own unpublished data studying obese patients using slow-flow pressure-volume (PV) loops and trials of zero positive end expiratory pressure (PEEP) emphasizes this point (. Fig. 2 ). As illustrated in the figure, there is no evidence of flow or volume gain from the start of the PV loop (when airway pressures are zero) until the airway pressures have increased sufficiently to overcome the elevated pleural pressure. In these same patients (in whom there is no evidence of obstruction) while on zero PEEP, we measured substantial intrinsic positive end-expiratory pressure (PEEPi) during expiratory breath holds that is roughly equal to both the measured PEs during holds and the airway pressure required to overcome pleural pressure on the PV loop. These findings appear to be the result of elevated PPl causing airway collapse (. Fig. 2) . In the sickest patients where accuracy in clinical decision making is paramount, using the absolute transpulmonary pressure or the elastance-based method in clinical practice may lead clinicians to set very different PEEP on the ventilator with unclear outcomes [13, 14] .
Esophageal manometry in clinical practice
Using P ES to prevent lung collapse in ARDS Esophageal manometry is frequently utilized to titrate PEEP in patients with ARDS. Critically ill patients often have elevated pleural pressures secondary to pulmonary and chest wall edema, pleural effusions, and abdominal distension [15] [16] [17] [18] . In a heterogeneous lung, these elevated pleural pressures may cause regions of lung collapse leading to decreased aeration, worsened oxygenation, and worsened compliance withdecreased functional lung size secondary to closed airways and flooded lung units. This collapsing pressure can be detected and measured as an elevated PEs and negative PL. In 2008, Talmor and colleagues published a single-center randomized controlled trial testing a ventilator strategy of titrating PEEP to achieve a positive PL [18] . Titrating PEEP to a positive PL may have prevented significant end-expiratory collapsing pressures, increased the size of functional lung, reduced cyclical opening and closing of the lung (atelectrauma), improved oxygenation, and prevented ventilator-induced lung injury [18] . This strategy resulted in significantly higher applied PEEP, improved oxygenation and compliance, and a strong trend towards improved survival and shorter duration of mechanical ventilation compared with standard low tidal volume lung protective ARDSnet ventilation strategies [18] . An animal study using surfactant-depleted rats agreed with the rationale behind this study, finding that a strategy targeting positive end-expiratory PL maintained lung volumes, improved compliance, reduced hypoxemia and pulmonary edema, and decreased pro-inflammatory mediator release as well as histological signs of ventilation-induced lung injury (VILI) [19] . The newer multi-center randomized controlled trial uses higher PEEP in control patients to better replicate current clinical practices [20] . Determining the "best PEEP" for a given patient has remained challenging with no clear best strategy or technique, and esophageal manometry provides an easy and straightforward solution.
The elastance-based method for PL estimation has also been used to set PEEP and guide treatment. In a report by Grasso and colleagues in patients with severe ARDS due to influenza [21] , clinicians used the elastance-based method to avoid ECMO in seven patients with severe hypoxemia, raising PEEP beyond levels that had previously been considered safe using elastance-based transpulmonary pressure.
Abstract
Esophageal manometry has traditionally been utilized for respiratory physiology research, but clinicians have recently found numerous applications within the intensive care unit. Esophageal pressure (PEs) is a surrogate for pleural pressures (PPl), and the difference between airway pressure (PAO) and PEs provides a good estimate for the pressure across the lung also known as the transpulmonary pressure (PL). Differentiating the effects of mechanical ventilation and spontaneous breathing on the respiratory system, chest wall, and across the lung allows for improved personalization in clinical decision making. Measuring PL in acute respiratory distress syndrome (ARDS) may help set positive end expiratory pressure (PEEP) to prevent derecruitment and atelectrauma, while assuring peak pressures do not cause over distension during tidal breathing and recruitment maneuvers. Monitoring PEs allows improved insight into patient-ventilator interactions and may help in decisions to adjust sedation and paralytics to correct dyssynchrony. Intrinsic PEEP (auto-PEEP) may be monitored using esophageal manometry, which may also improve patient comfort and synchrony with the ventilator. Finally, during weaning, PEs may be used to better predict weaning success and allow for rapid intervention during failure. Improved consistency in definition and terminology and further outcomes research is needed to encourage more widespread adoption; however, with clear clinical benefit and increased ease of use, it appears time to reintroduce basic physiology into personalized ventilator management in the intensive care unit. The clinical importance of respiratory system driving pressure was suggested in a large retrospective analysis performed by Amato et al., finding that driving pressure may the best predictor for mortality in patients with ARDS [22] . The authors' group proposed that the most important aspect of these findings may be in limiting the distending pressures or cyclical stress across the lungs (the transpulmonary driving pressure [ΔPL]; [23] ).
Keywords
We tested this hypothesis retrospectively and found that survivors had decreased transpulmonary driving pressure [24] . We know that a ΔPL of 20 cmH2O raises a healthy lung into its total lung capacity and that continuous ventilation with these volumes in animal models leads to lethal VILI [25] . As inhomogeneous lung injury can dramatically increase local stress (more than doubling local pressure) [26, 27] , it has been suggested that ΔPL be kept below 10-12 cmH2O to prevent lung injury [28] . Additionally, it is suggested that total lung stress (cyclical stress, ΔPL, added to end-expiratory PL) be limited to less than 20-25 cmH2O to decrease overdistension and prevent VILI by limiting total strain to <2 [28, 29] . With widely variable chest wall pressures and elastance, we cannot predict whether we are reaching these thresholds of cyclic and total stress without the use of an esophageal balloon. Although we need further research to corroborate these assumptions, strong circumstantial evidence suggests that the use of esophageal balloons to calculate ΔPL, can improve patient safety and personalization of ventilator settings. Fig. 2 8 a Pressure-volume loop of study patient. There was no flow or volume increase until roughly 7.5 cmH2O airway pressure. In order to generate flow, the airway opening pressure must be greater than the pressure within the lungs, which appears to be roughly 7-7.5 cmH2O. This pressure within the lungs appears to be secondary to elevated pleural pressures.b In the same patient, wave forms were recorded with zero PEEP, which shows that during end-expiratory occlusion, the PEEPi is roughly 7.5 cmH2O, secondary to elevated esophageal pressure of roughly 9.5 cmH2O causing airway collapse.The patient had normal lungs at baseline without COPD or asthma with normal resistance
Assessment of ventilator synchrony and spontaneous efforts
Ventilator dyssynchrony has gained increased attention as these episodes can be associated with worsened hypoxemia, increased workload on the respiratory muscles, discomfort, cardiovascular compromise [30] , as well as increased ICU stay [31] and mortality [32] . There is also increasing concern that dyssynchrony may cause large transpulmonary pressure swings and inappropriately large tidal volumes that may be especially harmful in critically ill patients that are receiving lungprotective ventilation [33] . While some dyssynchrony is obvious while measuring PAO alone, the type and severity of an event is often missed or underestimated if not measuring PL (. Fig. 3) .
Double triggering and reverse triggering are commonly observed phenomenon that can be distinguished by using esophageal manometry to measure swings in PEs [33] . Double triggering occurs when a patient has a respiratory drive/effort greater than the support delivered on the ventilator. The patient has persistent inspiratory effort at the termination of the ventilator-delivered breath which triggers an immediate second breath delivered by the machine. Alternatively, reverse triggering (due to entrainment) occurs as a reflexive diaphragm contraction in response to a ventilator-delivered breath, which triggers a second breath prior to exhalation of the initial breath ( [34] ; . Fig. 3 ). Double triggering and reverse triggering both lead to significantly larger tidal volumes, large transpulmonary pressure swings and peak pressures, as well as incorrect plateau pressure measurements. The importance of this differentiation using PEs monitoring is emphasized as double triggering improves with increased sedation, while, in contrast, reverse triggering may actually improve by decreasing sedation levels. As such, the use of an esophageal balloon may allow for improved sedation titration or even help in the decision to paralyze a critically ill patient with severe hypoxemia.
While spontaneous breathing may be well tolerated in patients with less severe lung injury, in severe ARDS, these efforts may be harmful, which has been suggested from the survival benefit of paralytics [35, 36] . The combination of large inspiratory efforts added to the ventilator-assisted breaths may lead to large swings in PL and/or larger than desired tidal volumes leading to overdistension. Similarly, active expiratory efforts may counter the benefits from PEEP [36] , leading to derecruitment, lung collapse, and worsened oxygenation. Again, without esophageal pressure monitoring, detecting this clinically may be quite challenging.
P L monitoring during recruitment maneuvers
Recruitment maneuvers are commonly used to reopen lung and maintain aeration promoting improved oxygenation and pulmonary mechanics. Although Fig. 3 8 a Reverse triggering due to entrainment where the initial breath triggers a reflex diaphragm contraction triggering a second breath. The dotted line shows the diaphragm contraction causing a drop in esophageal pressure which triggers the stacked breath. As shown, breath stacking can lead to significantly higher lung volumes than set on the ventilator. b Double triggeringoftenoccurs inpatients withincreasedrespiratory effort. The inspiratory effort (as seenby the esophageal pressure) continues beyondthe delivery ofthe initial breath(red arrowstodotted lines), triggeringa secondbreathontop ofthe first. This patient also shows evidence of expiratory effort (blue arrows) which may result in derecruitment.Comparing panel a and b, it would be difficult to differentiate reverse triggering from double triggering without esophageal pressure monitoring as the airway waveforms appear quite similar several techniques are used for recruitment, the general concept involves increasing and holding airway pressures. Grasso et al. found that half of ARDS patients were "responders" in terms of oxygenation after recruitment, while nonresponders were found to have higher chest-wall elastance [37] . They postulated that pressure dissipated by the chest wall caused decreased transpulmonary pressure and impaired recruitment [37] . Although this suggests that sufficient PL is needed for recruitment, elevated PL during recruitment maneuvers may also cause overdistension. Therefore, it was hypothesized that with widely variable chest wall mechanics, recruitment maneuvers targeting airway pressures may result in unpredictable PL causing either under-recruitment or overdistension. Indeed, results from a recent retrospective analysis by the authors suggest that PL above 20 cmH2O may lead to overdistension, increase lung stress [38] ; . Fig. 4 ). This analysis is currently being replicated, but initial results suggest that performing recruitment maneuvers without transpulmonary pressure monitoring may be unsuccessful or even potentially harmful.
Intrinsic PEEP adjustment
Auto-PEEP, or intrinsic PEEP (PEEPi), is the additional pressure in the lungs above the airway pressure at end expiration and may be caused by incomplete emptying of gas from premature termination of the expiratory phase [39] . PEEPi is commonly seen secondary to flow limitation in patients with COPD, asthma, or obesity [39] . This additional pressure above airway pressure can lead to patient dyssynchrony, missed breaths, dyspnea, increased work of breathing, and patient discomfort. In severe cases, PEEPi can lead to breath stacking and dynamic hyperinflation with hemodynamic compromise [39] . Patients spontaneously breathing on the ventilator must overcome the PEEPi before the alveolar pressure drop is sufficient to move air inwards and trigger a breath. Overcoming PEEPi requires additional muscle work with every breath, which can be a significant cause for dyspnea and muscle fatigue. While measuring airway pressure during end-expiratory breath hold gives an estimate of the PEEPi in deeply sedated patients, the most accurate method is to use esophageal manometry, which can also be used in spontaneously breathing patients [40, 41] . With a balloon in place, Pes is measured at end expiration with PEEPi calculated as the drop in PEs from the contraction of the inspiratory muscles until inspiratory flow starts [40] . Improved detection and awareness of PEEPi with an esophageal balloon may facilitate prompt correction (ventilator adjustment or medications targeting obstruction), improving dyssynchrony, dyspnea, and work of breathing.
Weaning from the ventilator
During weaning from the ventilator, there is a gradual reduction in ventilator support and increased reliance upon patient effort to generate ventilation. Weaning and extubation failure have been found to be associated with progressive increases in the esophageal pressure-time product, while weaning success has been associated with its stability [42, 43] . Esophageal pressure 4 8 Airway pressure (dark blue) and transpulmonary pressure (light blue) during standard recruitment maneuvers in 28 patients with esophageal balloons. Transpulmonary pressure (PL) was calculated as the airway pressure minus the esophageal pressure. The figure illustrates a possible "optimal" window for transpulmonary pressure during recruitment where lung elastance improved from baseline, suggesting a successful recruitment, but this window needs further testing in larger numbers. Above 20 cmH2O, lung elastance during recruitment worsened from baseline, suggesting an upper safety limit above which overdistension may be caused (modified from [38] ) monitoring may allow for better prediction of weaning success compared with the rapid shallow breathing index [43] . Furthermore, large swings in Pes during weaning might allow for more rapid awareness of problems and possible correction with treatments such as bronchodilators or diuretics.
Conclusion
Despite its clear clinical utility, there are several barriers to the widespread clinical adoption of esophageal manometry. Firstly, the lack of consistent terminology and the use of alternative definitions and calculations of PL and PEs in the clinical and research literature may lead to the incorrect application of principles with variable and perhaps harmful outcomes and discourage widespread adoption [13] . Secondly, although esophageal balloon use is easily learned, the proper technique in placement and interpretation is required for successful use. Lastly, the clinical use of esophageal manometry is relatively new in the intensive care unit and further research into its application is needed.
In summary, regardless of these barriers and the current lack of its widespread clinical use, esophageal manometry is easy to use and has extensive application within the intensive care unit. Clinicians monitoring transpulmonary and chest wall pressures have a better understanding of a patient's unique physiology from the time of intubation through extubation. Transpulmonary pressure monitoring early after intubation may allow optimization of PEEP to prevent lung collapse and optimize recruitment, and measuring cyclical and total transpulmonary stress may prevent ventilatorinduced lung injury or overdistension during tidal breathing and recruitment maneuvers. Monitoring esophageal pressures may then allow detection of dyssynchrony and respiratory efforts, helping guide the decision to change sedation or paralyze the patient, and may improve patient tolerance of spontaneous breathing by better matching intrinsic PEEP. During the weaning phase, monitoring transpulmonary pressure may improve understanding of weaning failure and help to more quickly correct the underlying problems. With these numerous benefits and the increased ease of use, it appears time to reintroduce basic physiology into clinical care to allow a more personalized approach to critically ill patients.
